Although the proliferation of LTR retrotransposons can cause major genomic modification and reorganization, the evolutionary dynamics that affect their frequency in host genomes are poorly understood. We analyzed patterns of genetic variation among LTR retrotransposons from Oryza sativa to investigate the type of selective forces that potentially limit their amplification and subsequent population of a nuclear genome. We performed both intra-and interfamily analyses of patterns of molecular sequence variation across multiple LTR retrotransposon genes. This analysis involved more than 1000 LTR retrotransposon sequences from 14 separate families that varied in both their insertion dates and full-length copy numbers. We uncovered evidence of strong purifying selection across all gene regions, but also indications that rare episodes of positive selection and adaptation to the host genome occur. Furthermore, our results indicate that LTR retrotransposons exhibit different but predictable patterns of sequence variation depending on their date of transposition, suggesting that LTR retrotransposons, regardless of superfamily and family classifications, show similar ''life-histories.
and Doolittle and Sapienza (1980) promoted the concept that the repetitive DNA found within organismal genomes was ''parasitic,'' and provided no adaptive benefit to the host genome. Under this hypothesis, the ability to transpose alone should ensure transposable element (TE) survival, rendering an adaptive explanation, in terms of their benefit to the host, unnecessary to explain their presence (Doolittle and Sapienza 1980; Orgel and Crick 1980) . That TEs are purely parasitic on host genomes has long been a topic of debate Lisch 2000, 2001) , especially in light of reports that show TE sequences have been co-opted for host processes (Hudson et al. 2003; Cordaux et al. 2006; Lin et al. 2007; Mason et al. 2008) . However, the finding that hosts experience a fitness detriment in response to increased TE densities (Pasyukova et al. 2004 ) and activity (Mackay et al. 1992; Charlesworth et al. 1994) substantiates the view that TEs are arbiters of negative selection on their hosts, which in turn suggests that the type of selection on TEs should also be negative.
The authors of the parasitic DNA hypothesis suggested that a ''nonphenotypic'' selection regime should act on TEs, meaning that various forces within the host promote ''genome-level'' selection (Doolittle and Sapienza 1980; Orgel and Crick 1980) . They further suggested that the pattern of sequence variation seen among TEs can be explained by selection, but they did not predict whether purifying, positive, or balancing selection should predominate. There is reason to believe that the type and intensity of selection could be variable among the extant, full-length population of transposable elements within host genomes. First, the different superfamilies of LTR-retrotransposons, copia and gypsy, are often found in different densities or copy numbers (Gao et al. 2004) , as are the evolutionarily distinct subfamilies (Bennetzen 2000; Vitte and Panaud 2005) . This variation in the copy number of different LTR retrotransposons suggests either a differential transposition or removal rate among families, or both. Second, transposable elements are often located away from genic regions or areas of high recombination (Bartolomé et al. 2002) , suggesting that the elements with the most successful life-history strategies are the ones that do not disrupt biological processes within host genomes by inducing chromosomal rearrangements via ectopic exchange (Charlesworth and Langley 1989) cause deleterious insertions (Finnegan 1992) or induce host fitness costs due to transposition activity (Nuzhdin 1999) . Finally, in the case of LTR retrotransposons, there is a high degree of conservation of the reverse transcriptase genic region among elements from widely separated taxonomic hosts (Xiong and Eickbush 1990) , suggesting that it is likely to exhibit signs of historical selective regimes.
There are a number of other proteins, in addition to reverse transcriptase, that are required for the replication of LTR retrotransposons. Any of these could potentially show patterns of variation that are indicative of selection. gag encodes proteins involved in the maturation and packaging of retrotransposon RNA into a DNA copy that is later integrated back into the host genome. The pol gene region encodes both reverse transcriptase (RT) and RNase H (RH), which mediate the replication process, whereas the protein integrase (INT) inserts the new DNA copy of the retrotransposon into nuclear DNA (Kumar and Bennetzen 1999) . Because a newly integrated LTR retrotransposon is a copy of its parent molecule, LTR retrotransposons increase in number following the replication cycle, a strategy that is different from the type II DNA elements. Thus, the ''copy and paste'' mode of replication of LTR retrotransposons has led to significant effects on the host genome, from increasing genome size to causing lethal mutations (SanMiguel et al. 1996; Kumar and Bennetzen 1999; Devos et al. 2002; Hawkins et al. 2006; Piegu et al. 2006; Ammiraju et al. 2007 ).
While it is clear that transposition can be deleterious to the host, what is less understood is whether host genomes impose selection on LTR retrotransposons to reduce such proliferation, and if so, what mechanisms would be involved. Given the longterm evolutionary relationship between a host and its TEs, they are often compared with organismal parasites, and coevolutionary arms race models have been hypothesized to underlie the process of their transposition and subsequent removal or silencing from organismal genomes (Orgel and Crick 1980; McDonald 1998) . Under this model, TEs should adapt to host defenses, and selective sweeps are expected as elements with adaptive mutations populate the genome-this model predicts low gene diversity and evidence of positive selection. However, an explicit investigation of TE sequence variation in this context has yet to be considered.
The availability of sequenced genomes, such as that of Oryza sativa, or rice, allows for such empirical investigations. While the transpositional dynamics and rate of removal of the LTR retrotransposons from the O. sativa genome have been studied (Vitte and Panaud 2003; Vitte et al. 2007) , the potential for natural selection in shaping the sequence variation of extant, full-length elements remains unknown. The study herein reports an investigation of the prevalence of historical selection as well as patterns of molecular sequence variation on LTR retrotransposon families using both a population genetics approach and a comparative analysis. The data show evidence of intense purifying selection across all families, but also demonstrate that rare episodes of positive selection and adaptation may occur. Furthermore, identified differences in sequence variation among recently transposed versus older families suggests that there is a progressive post-insertion life cycle common to all LTR retrotransposons.
Results and Discussion
Strategy for mining, identifying, and dating LTR retrotransposons in rice
We downloaded the sequences of the 12 chromosomes of the O. sativa genome (variety Nipponbare) from GenBank and mined for LTR retrotransposons using the program LTR_STRUC (McCarthy and McDonald 2003) . LTR retrotransposons are characterized by the presence of long terminal repeats (LTRs) that flank an internal coding domain (Kumar and Bennetzen 1999) . LTR_STRUC is a structural data-mining program that identifies the LTR retrotransposons based on the presence of these LTRs; the algorithm of this program requires that the two LTRs are at a distance of at least 40 bp from one another and are more than 70% percent homologous. Thus, it does not rely on sequence similarity to a known database of elements, and as such, can uncover previously uncharacterized LTR retrotransposon families. Using this program, 2226 full-length LTR retrotransposons were mined from the O. sativa genome and they were then placed into families using two separate strategies. First, we ran an ''all-by-all'' BLASTN search with the 59 LTR of each of the mined elements at an expected value of e À10 . We rendered the results of this all-by-all blast into a visual image using the Perl program RepMiner (J. Estill, code available at http://repminer. sourceforge.net), which formats the output of BLAST searches for the imaging program Cytoscape (Shannon et al. 2003; v. 2.5.1) . This strategy placed the 2226 LTR retrotransposons into 172 families. We uncovered extensive variation for copy number and primary DNA sequence ( Fig. 1 ) and observed more low-than high-copy number families. Forty-eight percent of the families were represented by a single sequence, 20% of the families were made up of two sequences, and 32% of the families were represented by three or more sequences within the genome. We excluded the single-copy element families (n = 81) from further analyses, given that two or more sequences are needed for selection analyses. Second, we performed a BLASTN search (e
À10
) of the mined LTR retrotransposons using the RetrOryza database (Chaparro et al. 2007 ) in order to verify our family designations (Fig. 1) . The family designations of the two methods were in general agreement, although there were a few cases in which the first methodology ''lumped'' families that the second methodology would have determined were separate, and vice versa. For the purposes of the presented work, we used families only if they were clearly defined using both methods in concert. Current work in this lab is contrasting the RepMiner-based nomenclature of LTR retrotransposons with other methods (see , and is not the focus of the present work.
After mined elements were reliably assigned to families, we determined both the insertion time and gene content of each element. We measured the degree of divergence between the two LTR regions of the LTR retrotransposons to get an estimate of insertion time (SanMiguel et al. 1998; Vitte et al. 2004; Vitte and Bennetzen 2006; ) was performed using the 59 LTR sequence of each element from our database of 2226 LTR retrotransposons. The program RepMiner (J. Estill) was then used to format the results of this BLAST for graphic display by the program CytoScape (v. 2.5.1). The 59 LTR of each element is illustrated as a single square node, while blast hits are shown as lines connecting these nodes. Each individual cluster of connected nodes may be considered a family according to a connected components interpretation of family affinity. The colors of individual nodes represent the family name assignment from a BLASTN (e
) to the RetrOryza database (Chaparro et al. 2007) . Families used in the selection analyses are labeled.
Keller 2007). The LTRs are identical at the time of insertion into the host genome, and thus the level of divergence between the two provides an estimate of the time that has elapsed since insertion (SanMiguel et al. 1998 ). An analysis of variance finds that these insertion dates varied significantly among families (F (86,1826) = 13.83; P < 0.0001), and ranged from 0 yr to 6.59 million yr ago (Mya) among families represented by two or more sequences (Fig.  2) . This analysis suggests that the majority of the families exhibit significant variation among them for insertion date, meaning that an increased rate of transposition at different times is common among families (Table 1 ). This observation is in line with previous reports that find significant peaks in a distribution of insertion times among LTR retrotransposon families within O. sativa (Vitte et al. 2007; Wicker and Keller 2007) .
To find the LTR retrotransposon gene regions, we performed BLASTX searches (e À1 ) using a database of the PFAM proteins gag, RNase H, integrase, and reverse transcriptase from previously characterized O. sativa LTR retrotransposons. We also queried our mined elements using reverse transcriptase and integrase gene models downloaded from NCBI in TBLASTX searches (e À1 ) in order to identify genes within the copia families. The use of two different search strategies limits the ability to directly compare results between copia and gypsy families, yet this was necessary, as a limited number of genes were found within copia families using the PFAM gene models. Furthermore, we found very few gene models of gag and RNase H for the copia families, and as such, elected to consider only integrase and reverse transcriptase for this superfamily. Among the gypsy families in the data set represented by two or more sequences, 50% and 30% of the LTR retrotransposons exhibited homology with gag and RNase H, respectively. Sixty-three percent of the LTR retrotransposons exhibited homology with both integrase and reverse transcriptase among families, regardless of superfamily.
We narrowed our focus to seven each of the gypsy and copia superfamilies for a total of 14 families (Table 1) . We chose families that had broad ranges of average insertion dates (45,000 yr to 1.54 Mya) and copy number (5 to 408), but also exhibited a high proportion of individuals with genes (i.e., ;80% with integrase and reverse transcriptase). Once the families were chosen for analyses, gene alignments were made at the protein level using ClustalW (Thompson et al. 1994) for each gene/family combination, and the DNA sequence was then used for further analyses.
Recently transposed families exhibit higher Ts:Tv ratios and fewer premature stop codons than older families Gene alignments were evaluated in MEGA (v. 4.0) (Tamura et al. 2007) . Using this program, we calculated the average transition: transversion (Ts:Tv) ratio as well as the number of sequences belonging to a family that exhibited at least one premature stop codon for each gene/family combination. Sequences that exhibited a premature stop codon were removed from all further analyses, as they would be expected to evolve neutrally and similarly to pseudogenes from the point in time when that stop codon arose; thus, the work presented here does not consider the evolution of defective or nonautonomous elements. We also removed elements from the analysis that exhibited a length greater than two standard deviations from the family average, as these are the elements that have previously been found to house nested elements and are putatively unable to replicate. On average, four elements from each of the high-copy families were removed from analysis; no individual elements from the low-copy families housed insertions. The average Ts:Tv ratio across all genes and all families was 3.76, suggesting that LTR retrotransposons are generally in an epigenetically silenced state (San Miguel et al. 1998 ). This is because host genes, including introns, exhibit an ;1:1 to ;2:1 ratio of transitions to transversions, and it has been shown that a higher Ts:Tv ratio is evidence of extensive cytosine 5-methylation, given that this epigenetic DNA modification increases the C-to-T transition rate (SanMiguel et al. 1998) . Although the overall average Ts:Tv ratio is high, we found that it varied greatly among genes and families from 0.8 to 9.5 across both superfamilies (Table 2) . We also uncovered variation among genes and families for the proportion of individual sequences that exhibited premature stop codons-values ranged from 0% to >60% (Table 2 ). Previous work shows that 25% of copia reverse transcriptase sequences from the O. sativa genome exhibit premature stop codons, and this has been argued as evidence that many LTR retrotransposons are nonfunctional entities within host genomes (Navarro-Quezada and Schoen 2002). This number is in line with the range detected here, and likely represents an average across all copia families, but does not take into account the possibility that families may vary for the proportion of sequences within them that exhibit premature stop codons. Furthermore, the variation among families in both the average Ts:Tv ratio and in the proportion of premature stop codons per family correlates significantly with the average insertion times of the LTR retrotransposon families (Fig. 3) . Specifically, the resampled correlation coefficient between the average insertion date for each family and its Ts:Tv ratio was generally negative, meaning that younger LTR retrotransposon families in the O. sativa genome exhibit a higher Ts:Tv ratio than older families (Fig. 3A) . After Bonferroni corrections, this relationship was significantly negative for gag, integrase, and reverse transcriptase of the gypsy families, with RNase H exhibiting a positive, but nonsignificant, correlation. Among copia families, the Ts:Tv ratio was found to significantly vary with average insertion time for both integrase and reverse transcriptase, providing evidence that the negative relationship between insertion date and Ts:Tv ratio is present in both superfamilies of LTR retrotransposons (Fig. 3A) . These results provide indirect evidence for the epigenetic silencing of LTR retrotransposons within the O. sativa genome. Previous reports found that low-copy LTR retrotransposon families are more often expressed in the Zea mays genome than are high-copy elements (Meyers et al. 2001 ). While we did not observe a strong relationship between copy number and the average Ts:Tv ratio of families (data not shown), the two highest-copy gypsy families in rice are also the youngest. We found the opposite relationship between insertion date and the proportion of sequences within a family that exhibited stop codons. There was a strong and significantly positive (resampled, Bonferroni-corrected) correlation between the proportion of individuals with stop codons and the average insertion date, except with the reverse transcriptase gene of the copia superfamily (Fig. 3B) . This generally positive correlation suggests that older LTR retrotransposon families are inactive due to premature stop codons. Taken together, the relationships between the average insertion date of families and the Ts:Tv ratio and proportion of sequences with premature stop codons together suggest that full-length LTR retrotransposons are epigenetically silenced when young. As their age increases in the host genome, they are rendered nonfunctional through random mutation, perhaps enhanced by the higher rate of mutation at methylated cytosines (SanMiguel et al. 1998) .
Recently transposed families exhibit lower gene diversity and lower p n /p s ratios than older families
We examined patterns of gene diversity among the LTR retrotransposons to determine whether the level of diversity suggested past regimes of selection. We estimated nucleotide diversity of each gene/family combination using the average number of pairwise differences per site between sequences for both nonsynonymous (p n ) and synonymous sites (p s ) (Nei 1987 ) using the program DnaSP (v. 4.00.5; Rozas et al. 2003) . Contrary to the expectations of low gene diversity among all genes and families, the synonymoussite diversity (p s ) ranged from 0.012 to 0.591 (Table 3) . Furthermore, we find that the majority of the variation resides at the synonymous nucleotide positions, suggesting that LTR retrotransposon genes are evolving under purifying selection (Table 3) . More specifically, 88% of the p n /p s ratios are <0.40, indicating that these genes have experienced strong evolutionary constraints. There was a single exception to the generally low p n /p s ratios-the gag gene of the gypsy family, osr40, exhibited a p n /p s ratio of 2.73, suggesting that it has evolved under a regime of positive selection. This gene/ family combination also exhibited a very high proportion of sequences with premature stop codons; thus, members of this family, and specifically members that do not exhibit premature stop codons, are likely evolving under a scenario of relaxed evolutionary constraints rather than positive selection. Although the majority of the genes of the families exhibited very low p n /p s ratios, it is important to note that this measure ignores variation in the strength of selection through history (i.e., among branches on the gene trees [Yang 1998 ], across sites [Yang et al. 2000 ], or both [Yang and Nielsen 2002; Guindon et al. 2004] ).
We uncovered a relationship between these measures of sequence evolution and the average insertion date of the LTR retrotransposon families (Fig. 3) . The level of gene diversity, as measured by p s , positively correlates with the average insertion date for the reverse transcriptase and integrase genes of the gypsy families (Fig. 3C) , while the p n /p s ratio positively correlates to insertion date of all genes of the gypsy families and reverse transcriptase of the copia families (Fig. 3D ). The positive relationship between insertion date and the level of gene diversity is potentially indicative of selective sweeps if transpositional bursts are due to positive selection and adaptation to the host genome. This is because selective sweeps would lead to lower genetic diversity of those families that had experienced the sweep-in this case, the families that most recently transposed. Unfortunately, little is currently known about the causes of transpositional bursts (i.e., are they due to element adaptation to the host genome or caused by a random process?), and thus the data are also consistent with expectations under neutrality, given that the younger element families have not had as much time to accumulate differences. Furthermore, that the p n /p s ratio increases with the age of the LTR retrotransposon family suggests that older families are either experiencing positive selection, at least at some codon sites, or relaxed selective constraints. Given that the majority of p n /p s ratios are less than one, and evidence that gene diversity also increases with the age of the LTR retrotransposon family, it is likely that the increased p n /p s ratios of the older families are due to lowered evolutionary constraints in comparison to the younger families.
Both superfamilies exhibit purifying selection, but allowing for rate ''switches'' suggests episodic positive selection
To assess the potential for selection on LTR retrotransposons, we performed an interfamily comparison by estimating the d N /d S (v) ratio separately across both of the copia and gypsy superfamilies using the genes integrase and reverse transcriptase. We specifically wanted to investigate whether codon sites had experienced historical regimes of positive selection. Protein alignments were made with ClustalW using a single individual from each family of each superfamily, with two representative LTR retrotransposon genes mined from the Z. mays genome and used as outgroup sequences. We estimated the v ratio in the codeml module of PAML (Yang 2007 ) using the M0 (one ratio), M1 (nearly neutral), M2 (positive selection), and M3 (discrete) models of sequence evolution. Comparison of twice the difference in log-likelihood scores between the M0 and M3 models assesses whether one or four v ratios best fit the data, whereas comparisons between the M1 and M2 models determine whether the sequences are exhibiting evidence of positive selection (Yang and Nielsen 2002; PAML manual) .
For both superfamily phylogenies (shown in Fig. 4 ) of both genes, we find no evidence for positive selection because none of the v values are more than one under the M0 model of sequence evolution (Table 4) . However, the M3 model of sequence evolution best fits the data, meaning that allowing the v ratio to vary across the sequence provides a better fit than assuming one v ratio (Table  5) . Under the M3 model of sequence evolution, the highest v ratio was found in the copia integrase gene, with 26% of the codon sites exhibiting a v ratio of 0.72. The majority of the v ratios estimated under this model of sequence evolution are very low, however, suggesting that the majority of sites are evolving under purifying selection. For example, 100% of the codons exhibit v ratios #0.05 among the gypsy families for the integrase gene, and 74% of codons show a v ratio of 0.07 for the reverse transcriptase gene. And, although the v ratio of the integrase gene among the copia families was much higher in comparison to these values, 81% of the codon sites of this superfamily's reverse transcriptase gene were #0.04. Thus, the codon sites model of sequence evolution provides no evidence that particular codons are evolving under a regime of positive selection. Furthermore, the comparison between models M1 and M2 finds no evidence of positive selection for either gene of either superfamily (Table 5) . Although these models of sequence evolution allow for variation in selection among codon sites, they assume that selection affects all branches of the phylogeny equally. The widely used branch model in PAML that allows branches to vary requires an a priori assignment of the branch that is potentially experiencing positive selection, and thus is not applicable in this analysis, given that there was no reason to expect that one particular family was experiencing a different selective regime versus another. To take potential variation among branches in the superfamily phylogenies into account, we used the program fitModeL, which implements a maximum likelihood phylogeny-based codon-substitution model that includes parameters for switching between selection processes at individual codon sites across the phylogeny (Guindon et al. 2004) . This means that the site-specific selection process is allowed to vary across branches of the phylogenetic tree, and in our case, allows for variation among families in the superfamily phylogeny.
Comparison of the M3 and M3 + 1 (discrete vs. switch) models in fitModeL provides evidence of positive selection among both genes and superfamilies (Table 5 ) at low to moderate equilibrium frequencies. For example, the integrase gene of gypsy families exhibited purifying selection 99.7% of the time, and positive selection 0.3% of evolutionary time with a v ratio >13. For reverse transcriptase, 31% of the time we find a v ratio of 2.69. The findings among copia families are similar, providing evidence of positive selection (v ratio = 3.30) 23% of the time for integrase, and 30% of the time for reverse transcriptase (v ratio = 2.69). These results suggest that allowing site-specific variation in the nonsynonymous/synonymous rate provides a better fit to these data than does averaging this ratio over lineages. Furthermore, the strength of positive selection that has acted on these LTR retrotransposon genes is likely underestimated when the site-specific variation of selection across lineages is not taken Figure 4 . Phylogeny of the integrase and reverse transcriptase genes for copia (A) and gypsy (B) families. Phylogenies were made in PhyML. Bootstrapped values from 1000 pseudo-replicates of the data are presented next to the branch. Two Z. mays sequences were used as outgroups for each phylogeny. Average insertion dates (SE) for each family are presented on the integrase tree for each superfamily. g Discrete model of sequence evolution, which allows ''switches'' of rates along phylogeny.
into account. There is a potential caveat to this analysis: Biased gene conversion could homogenize copies of LTR retrotransposons and thus affect our estimates of selection. We have attempted to minimize this impact, however, by only studying elements with matching target-site duplications (TSDs), thus removing elements with clear evidence of gene conversion tracts that overlap element ends.
Concluding remarks
There have been few investigations of molecular selection on the LTR retrotransposons that inhabit plant genomes. Of the available research, two reports find high levels of purifying selection on the reverse transcriptase gene region among LTR retrotransposons belonging to the copia superfamily from various dicot and monocot species (Navarro-Quezada and Schoen 2002), as well as across grass genomes (Matsuoka and Tsunewaki 1999) . The results reported herein, in which we determined the prevalence of selection across 14 LTR retrotransposon families from two evolutionarily distinct superfamilies (Xiong and Eickbush 1990) , demonstrate generally similar results-the predominance of high levels of purifying selection on the genes involved in the life cycle of these genomic parasites. Yet, allowing for site variability in the nonsynonymous/synonymous ratios leads to estimates that are greater than one, suggesting that positive selection potentially underlies LTR retrotransposon sequence evolution. How can these disparate results be reconciled? A model of sequence evolution in which purifying selection across codons and evolutionary time predominates, but rare episodes of positive selection occur, allowing for population expansions and transpositional bursts, could resolve all of the apparent conflicts in these results. In this scenario, a regime of severe purifying selection is the norm but, rarely, a mutant LTR retrotransposon arises that is not recognized by the host genome nor subsequently silenced, at least when the LTR retrotransposon population remains at low frequency. It should thus transpose until it reaches a level that allows for host recognition, at which time it is silenced. That LTR retrotransposon proliferation is often described as due to transpositional ''bursts'' (Vitte and Panaud 2003) or ''waves of genome invasion'' (Wicker and Keller 2007) supports the idea that episodic regimes of positive selection and genome adaptation occur, followed by TE amplification and subsequent periods of inactivity.
The evolutionary dynamics of TEs are successfully modeled under ''transposition/excision'' balance, which predicts increased selection against TEs as they become more numerous in the genome (Langley et al. 1988; Charlesworth and Langley 1989) . These hypotheses include the ectopic exchange model (Charlesworth and Langley 1989) , the deleterious insertion model (Finnegan 1992) , and the host fitness cost model (Nuzhdin 1999) . These models assume that TE population sizes are managed through their effects on the host, i.e., their presence causes host lethality or reduced host fitness, which in turn selects on the extant population of TEs. There is substantial support for the role of ectopic exchange imposing selection on both DNA transposons (Montgomery et al. 1991; Bartolomé et al. 2002; Dolgin and Charlesworth 2008) and non-LTR retrotransposons (Petrov et al. 2003) . However, for the interactions of TEs and the host to be a true co-evolutionary dynamic, there should also be the involvement of host defenses that reduce the ability of TEs to proliferate. This is not a new idea; rather, it was suggested as part of the parasitic DNA hypothesis (Orgel and Crick 1980) and has since been discussed by other authors (Bennetzen 1998; Nuzhdin 1999; Kidwell and Lisch 2001; McDonald et al. 2005) .
Epigenetic silencing mechanisms, such as methylation, play an important role in mediating the effects of LTR retrotransposons on host genomes, and especially plant genomes (Okamoto and Hirochika 2001) . It has even been hypothesized that the physical association between epigenetically silenced TEs and host genes in rice has led to host gene regulation (Zhang 2008) . The prevalent evidence for the expansion of TEs following escapes from host silencing mechanisms (Weil and Martienssen 2008) suggests that consideration of another model is needed that could account for the control of transposition, one of ''selective silencing'' (in the sense of Zilberman and Henikoff 2005) . This model does not require deviation from the parasitic DNA hypothesis, in that positive selection and adaptation to the host genome among the extant population of full-length elements can occur, so long as host defenses cannot recognize a variant allowing the population of TEs to reproduce. The data presented here do not distinguish among the different models suggested to control LTR retrotransposon copy number-the levels of selection that we uncovered could stem from both the effects of elements on the survival of their hosts and mechanisms by which hosts maintain their amplification. However, the increased Ts:Tv ratios of younger element families relative to older families in our data suggests that host methylation plays an important role in LTR retrotransposon population dynamics.
The significant relationships between sequence characteristics and the age of LTR retrotransposon families suggest that there is a ''life-history'' common to all LTR retrotransposons, such that selection against their proliferation through host defenses is of greater importance when families are young and are comprised of mostly full-length copies. In support of this hypothesis, found evidence that older LTR retrotransposon families from the O. sativa genome are highly truncated and deleted with a half-life of <6 million yr (Myr); this number was later revised to <3 Myr by a more realistic molecular clock analysis (Bennetzen et al. 2005) . A recent analysis of copia elements from the O. sativa genome finds a substantially shorter half-life of 790,000 yr (Wicker and Keller 2007) . Taken together, these data suggest that the life-history stages of LTR retrotransposons are comprised of birth through transposition, followed by ''selective silencing'' and other forms of host control (or lack thereof), with death by random mutation and eventual deletion from the genome being the final stages. (Thompson et al. 1994) , and genetic divergence between the two was estimated using the baseml module of PAML (v. 4) (Yang 2007) . The time since insertion of each LTR retrotransposon was estimated using the substitution rate of 1.3 3 10 À8 per site per year . The GLIMMIX procedure of SAS (v. 9.1) was used to determine whether LTR retrotransposon families varied for their average insertion date. This procedure is particularly useful for fitting data that exhibit non-normality and/or nonconstant variance, which were both properties of the insertion date data (Kolmogorov-Smirnov D statistic = 0.15; P < 0.01), even after logtransformation (D-statistic = 0.25; P < 0.01). We modeled the data in GLIMMIX using a log-link function and a gamma distribution.
Isolation and alignment of genes from LTR retrotransposon families
All gypsy gene models were downloaded from the PFAM database (gag, PF00607; RNase H, PF00075; integrase. PF00665; reverse transcriptase, PF00078), and copia gene models were downloaded from NCBI. We performed separate BLASTX queries of each gene model to all of the LTR retrotransposed that we mined from the rice genome using an expect value of e À1 . Genes in each of the LTR retrotransposons were parsed from the full-length sequence and visualized in MEGA (v. 4.0) (Tamura et al. 2007) to ensure that all copies in these families began with a start codon and that they mirrored the sequence of the gene model (i.e., there were no parsing errors). Translated genes were aligned using ClustalW (v. 1.3.8) in MEGA (v. 4.0) (Tamura et al. 2007 ) using standard alignment values. We then determined the number of individuals within each gene/family combination that exhibited a premature stop codon, and returned to the nucleotide level for analysis.
Sequence analyses
The average Ts:Tv value was estimated for each gene/family combination in MEGA (v. 4.0). The program DnaSP (v. 4.00.5) (Rozas et al. 2003 ) was used to estimate levels of nucleotide polymorphism at both nonsynonymous and synonymous codon sites (p n , p s ).
Selection analyses
Using a representative individual from each family within either copia or gypsy superfamilies, phylogenetic trees of each superfamily were made using integrase and reverse transcriptase in PhyML (Guindon and Gascuel 2003) , which uses maximum likelihood under a general time-reversible model of nucleotide substitution. BLASTN at an expect value of e À10 against a database of Z. mays LTR retrotransposons was performed with a representative element from each rice LTR retrotransposon family to find appropriate outgroups. In addition, ;200,000 BAC-end sequences of O. sativa subsp. japonica, and Oryza alta were downloaded from OMAP (http://www.omap.org) and queried for each gene in BLASTN searches against our database of rice LTR retrotransposon genes. Subsequent alignments showed almost exact sequence matches between the LTR retrotransposon genes from any of these subspecies or species and the database of O. sativa LTR retrotransposon genes, such that they were not sufficiently diverged to be outgroup sequences to the identified rice LTR retrotransposons-for this reason, we chose Z. mays LTR retrotransposons as outgroups. To determine whether the genes exhibited varying levels of selection, the CodeML module of PAML (v. 4) (Yang 2007 ) was used to estimate the v ratio across all branches and sites of each phylogenetic tree under the M0 (one-ratio), M1 (nearly neutral), M2 (positive selection), and M3 (discrete) models of sequence evolution (Yang et al. 2000) . Twice the log-likelihood values of the M0:M3 and M1:M2 comparisons were assessed for statistical significance to determine whether a single versus four v ratios best fit the data, and if the sequences exhibited positive selection, respectively. The loglikelihood ratio statistics are assumed to be x 2 distributed with degrees of freedom equal to the difference in the number of parameters between models.
The potential for variable v ratios over branches in the phylogenetic trees was assessed using the program fitModeL (Guindon et al. 2004) . fitModeL is similar to PAML in that it is a codon-based model of DNA substitution that uses maximum likelihood for estimating parameters of sequence evolution, such as branch lengths, the transition/transversion ratio, equilibrium frequencies of the selection classes, and nonsynonymous/synonymous ratios (Guindon et al. 2004 ). However, it also estimates switching parameters, such that fitModeL allows changes between selection classes to occur through time. (i.e., switches between selection patterns in the phylogenetic tree at individual sites) (Guindon et al. 2004 ). We determined the statistical significance of loglikelihood ratios by taking twice the difference in log-likelihood estimates from the M3 and M3 + 1 models of sequence evolution.
We used the CORR procedure of the SAS statistical software package (v. 9.1) to estimate the strength and direction of correlations between the average insertion date of each family within each superfamily and the following: the average Ts:Tv ratio, genetic diversity as measured by p s , the proportion of sequences with premature stop codons, and p n /p s . We performed these correlations for each gene for each superfamily, and subsequently removed the gypsy family ibid from these analyses, as it proved to be an outlier for p n /p s as determined by the ESD test (Neter et al. 1996) . We assessed the significance of these correlations by resampling the data using the jackknife procedure across the families within each superfamily. We then used a one-tailed t statistic to calculate a P-value for the confidence interval in order to determine whether the correlations between the two measures were different than zero; this P-value was corrected for Type I errors using the Bonferroni procedure (Neter et al. 1996) .
